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ABSTRACT
Proton exchange membrane fuel cells (PEMFC) are a green electrochemi-
cal technology that is rapidly gaining traction in the automotive industry and the
like. Major components to the fuel cell are the flow field plates and the porous
gas diffusion media (GDM) that transport reactants to, and products away from
the catalyst layer where the reactions occur to produce heat water and electricity.
These components can enhance or hinder fuel cell performance, efficiency, and the
rate of degradation via mass transport mechanisms, especially at high power output.
Our work begins with a top-level examination of the three most common flow field
channel distribution patterns used in research, the parallel channel, single chan-
nel serpentine and multiple channel serpentine designs, using both computational
methods and lab-built fuel cells. Using multiple channels significantly improved gas
distribution across the electrode area but faced water flooding issues due to the
low pressure drop. To improve transport focus was then given to the flow channel
design. We designed the wavy, 2D-nozzle, and 3D-nozzle channel designs which
feature alternating width, height, and direction from inlet to outlet to alter the flow
path. Using the limiting current method to quantify the oxygen transport resistance
(OTR) we discovered that with our 3D-nozzle design OTR reduced approximately
12% versus the straight channel design at the same current draw. Additionally, the
maximum power at high humidity conditions was increased from 1.6 to 2.0 A cm−2
with Toray-060 GDM and 2.6 to 3.1 A cm−2 with Freudenberg H23C8 GDM at 0.3V.
The 3D-Nozzle design has shown improved OTR and value for further investigation
and optimization with the potential of use in commercial PEMFC.
ii
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Chapter 1
INTRODUCTION
1.1 Background
In this section, we will discuss the motivation and background associated with
this project. At the end of the section, our research objectives will be described and
contents of this thesis will be outlined.
1.1.1 Motivation
The use of fossil fuels has contributed to larger levels of air pollution than
any other time in human history. There have been great efforts to increase efficiency
and reduce emissions, such as the development of advanced scrubbing systems in
the coal power industry, use of gas electric hybrid technology in the automotive
industry, and increased use of natural gas, however the problem remains. Burning
coal and petroleum products will produce greenhouse gasses, CO2 CH4 and N2O
and particulate matter. In the short run, these reduce the clarity of our skies and
pose adverse risks to human health, in the long run, these threaten the habitability
of our planet by inducing global warming. There is no silver bullet to solve this
problem but there is an array of technology being developed and implemented by
universities and industry alike to replace fossil fuels and maintain our quality of life.
One such technology are fuel cells.
1.2 Fuel Cells
Fuel cells harness the exothermic energy from one principle chemical reaction:
H2 +
1
2
O2 H2O (1.1)
It does this by separating this one reaction into two half-cell reactions. The full
process does vary based on the type of fuel cell but pertaining to the discussion here
on out it is:
H2 = 2H
+ + 2e− (1.2)
1
2
O2 + 2H
+ + 2e− = H2O (1.3)
1
Hydrogen gas is flowed into the fuel cell over an anode electrode where it is reduced
to hydrogen ions and electrons. The hydrogen ions transport across an electrolyte
to a cathode electrode where oxygen is flowed in, while the electrons flow through
an external circuit before arriving at the cathode to provide electric power to any
number of electronic devices. On the cathode hydrogen ions, electrons, and oxygen
combine to generate product water and heat. A fuel cell produces only heat, water,
and electricity. When multiple cells are combined together to create a stack the
power is sufficient to energize cars to an entire buildings with no green house gas
emissions.
As mentioned, the electrochemical device known as a fuel cell comes in many
different types, each primarily differ based on their operating temperature and
associated electrolyte. The low temperature, less than 100°C, proton electrolyte
membrane fuel cell, more often known as a Proton Exchange Membrane Fuel Cell
(PEMFC) uses a solid perfluoranated sulfonic acid membrane to conduct protons. A
PEMFC uses the above reaction processes and is receiving a great amount of interest
for their application in the automotive industry. The low operating temperature,
fast startup, and fast reaction make them well suited for providing the primary power
for an automobile replacing the internal combustion engine[1–3]. The PEMFC has
Figure 1.1: Basic architecture of a polymer electrolyte membrane fuel cell
(PEMFC) [4]
several key components. In the middle of each cell is a membrane electrode as-
sembly (MEA) composed of a proton exchange membrane in between two catalyst
layers (CL) where the reactions occur. The CL structure and composition can vary
2
but predominantly used is a carbon supported platinum or other precious metal.
Outside the CL is a gas diffusion media (GDM) that transports reactants to, and
products from, the CL. These components are all sandwiched between flow fields. A
flow field is a single or plurality of channels and lands that distribute the reactants
and transport products across the whole active area.
1.2.1 Flow Fields
The flow field performs five essential functions 1) supply fuel and oxidant to
the reaction sites, 2) remove product water, 3) transport heat 4) transport electrons,
and 5) provide mechanical support to the MEA [5]. The capacity to perform these
tasks can significantly impact ohmic and concentration performance losses [6–8].
A well-designed flowfield can provide a uniform distribution of reactant gases to
the MEA, which is essential for homogeneous current density in a fuel cell. Non-
uniform current distribution in a PEMFC can result in poor performance, lower
reactant utilization, localized hot spots, mechanical stress, material degradation, and
reactant starvation in the cell [9]. One of the leading causes of non-uniform current
distribution is “flooding.” Flooding is the condensation and accumulation of liquid
water in fuel cell components and materials. As water builds up it blocks reactant
pathways to reaction sites in the CL. At the same time, adequate water hydration
in the electrolyte membrane needs to be maintained to provide optimal proton
conductivity [10]. To balance water removal and perform the essential functions,
engineers have a set of design parameters that can be modified and altered.
The design of flow fields are mainly focused on focused on (1) distribution
pattern, (2) geometry of the channel cross-section, and (3) dimensions of lands and
channels [11]. Distribution patterns can be described as the pathways of the channel
or channels across the electrode to flow and distribute gas. The geometry of the
channel, on the micron to centimeter scale, is more simply described as the shape
of the channel. The lands are the areas of the flow field that are in direct contact
with GDM and transport heat and electricity away from the CL via conduction.
1.2.2 Review of Flow Field Design
In the last few decades, the design of flowfields has been studies extensively
[12–17], using both experimental investigation [18–20] and modeling analysis [21–23].
Some studies combined and compared their experimental results with simulation
predictions to understand the fundamental mechanisms [24]. Literature show that
flowfield designs, i.e. shape, size, and pattern, have a significant impact on PEMFC
performance. Among all flow distribution patterns, the most commonly used are the
straight parallel, single serpentine, and multiple serpentine designs [31]. An example
of these three designs is shown in Figure 1.2 [25] To elucidate the impact of flowfield
design on fuel cell performance, researchers have studied laboratory scale (< 50 cm2)
fuel cells [26]. Liu et al. compared serpentine, parallel, interdigitated, pin, and spiral
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Figure 1.2: The three most commonly used flow distribution designs: a) parallel
channel, b) single channel serpentine, c) multiple channel serpentine
channel design at 100% relative humidity (RH) inlet conditions and found that the
serpentine flowfield design had the best performance, citing pressure drop as the key
reason behind this increased performance [27]. A high pressure gradient between
adjacent flow channels can induce cross flow under the rib, which aids in liquid water
removal from the GDM [28] . To achieve proper water management in a PEMFC,
Li et al. developed a design procedure for serpentine flow channels [29]. The design
philosophy is based on the determination of appropriate pressure drop down the flow
path, so that liquid water in the cells can be removed, while preventing membrane
dehydration. Though pressure drop has proven to be beneficial, the additional
power required from the pump or compressor to achieve the required pressure can
significantly decrease overall system efficiency and increase cost [30]. This is why
most fuel cell stacks for automotive applications employ parallel channels [31]. To
further investigate water condensation, buildup, and removal, researchers have used
invasive optical flowfield and collector plates or non-invasive neutron imaging to
visualize liquid water [32, 33]. Spernjak et al., using both optical and neutron
imaging, compared the transient water content in parallel, single serpentine, and
interdigitated flowfields. The serpentine performed the best in this study due to
high flow channel velocity, which in turn enhanced water removal in the channel
[34]. Experimental studies like these are usually time and resource consuming.
To save cost and facilitate design iteration cycles, simulation tools are often used
for parametric study. Computational fluid dynamics (CFD) enables simulation of
the effects of operating parameters, such as cell temperature, inlet RH, operating
pressure, stoichiometry, and mass flow rate, on fuel cell performance [35–37]. A
fundamental review of the computational modeling approaches in PEMFC research
in recent years is summarized in references [38, 39].
The simplest and most straightforward design for a PEMFC flow channel is
the straight square channel. Because of its simplicity to manufacture and model,
it is often used as a baseline to compare other factors pertaining to performance
4
[40–43]. Although a facile design, it is still used in modern automotive applications.
The Toyota Mirai released in 2014 uses this configuration on the anode electrode [3].
Another popular design is wavy flow channels. In this design, flow channels follow a
sinusoidal wavy pattern along their length. The convex bends enhance heat transfer
by inducing gas mixing in the channel [44]. Honda Motor Co. uses this design
in their V-Flow stack [31, 45]. Using this design Honda reported decreased stack
volume and weight, with an increased output power density by 50% and 67% respec-
tively over their previous designs which they attributed to improved heat transfer
[46]. Although stack level performance has been reported, single cell performance
has not. Some other channel configurations were introduced by Ballard Power Sys-
tems in their 2003 patent, where channel depth and/or width is cycled along the
channels length to induce convective flow into the GDM [47]. Alternating channel
depth has been investigated. Kuo et al. developed a single-phase, steady-state CFD
for a channel with spherical waves and flat troughs on the channel bottom. Their
results showed that this design would increase gas velocity into the diffusion media
and create uniform heat [48]. Yang et al. developed a numerical model discretized
using the finite-volume semi-implicit method for pressure-linked equations consis-
tent (SIMPLEC) method [49]. Their results indicated that a waved channel depth
increases the velocity of gasses into the diffusion media and increases the concentra-
tion directly adjacent to the catalyst layer and that the total number of waves per
unit length did not affect performance. Han et al performed both numerical and
experimental studies of channels with wave form depth [50]. Their computational
results showed that the design could delay concentration polarization by increasing
oxygen concentration in the diffusion media and reported increases in max power
density of 5.76% over the reference square channel flow field in 25 cm2 single cell
experiments. The most notable non-conventional design is employed by Toyota in
the Mirai, with a channel that directs gas into the gas diffusion layer. A successful
design in regards to function but the complexity makes it unlikely to see widespread
use.
1.3 Gas Diffusion Media
The GDM, or gas diffusion layer (GDL), has five functions in the fuel cell:
1) provide reactant passage to the catalyst layer, 2) provide pathway for product
water removal, 3) conduct electrons to the catalyst, 4) remove heat, 5) provide
mechanical strength. There are a variaety of GDM that have been studied and
tested in PEMFC; carbon cloth [51], carbon fiber paper (CFP) [52–54], catalyst
coated carbon fiber paper, metallic thin films [55] and even carbon fiber aerogels
[56, 57]. The use of carbon fiber paper is the most prolific in the current literature,
therefore, the rest of the GDM discussion will be in reference to CFP. The GDM
should be sufficiently thin in order to reduce transport resistance of the incoming
reactant. However, too thin and it can suffer losses to its mechanical properties
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and increase the electrical contact resistance. Removal of liquid water also suffers
if this layer is too thin [58]. The porosity of the material is a trade off between
transport resistance and electrical resistance. This was demonstrated by Lee et al.
in their examination of GDL compression pressure and performance [59]. Heat must
be properly conducted away as well. It was observed by Baker and Caulk that the
degree of conductivity can effect the location of water condensation [60]. The choice
of CFP then depends on the strategy one would like to employ for the fuel cell build.
Some properties for CFP are listed in Table A.3.
The CFP is made, as the name would suggest, in a roll-to-roll paper making
process. Following this process other processes can be applied, such as wet proofing
and the addition of a microporous layer (MPL). Wet proofing consists of immersion
of the paper in a PTFE dispersion and drying to make the media more hydrophobic
[61, 62]. The amount of PTFE is an optimized parameter, too much will reduce
porosity and permeability and can actually be counter productive to water removal
as it removes hydrophilic pathways leading out of the paper. The MPL serves as an
interfacial layer between the fibrous CFP and the catalyst bed. Made of high surface
area carbon fiber and a PTFE dispersion it reduces contact resistance and prevents
fiber intrusion into the catalyst layer. The most important function is to aid water
management, how exactly it does so is still a mater of debate. The impact of MPL
contents and structure is an active area of study. The current general consensus
however is that it prevents water from accumulation at that interface due to its
high hydrophobicity and small pore size [63–65].
1.4 Review of Mass Transport Phenomena
The environment inside the fuel cell is a complex one. It has already been
touched on in the previous sections but to encapsulate the phenomena; there are
mixtures of multiple gas species, with two phase flow, and transport in solid porous
media of varying, thickness pore size, and hydrophobicity. Figure 1.3 below illus-
trates the transport that occurs in PEMFC [66]. To begin to understand the mass
transport phenomena in PEMFC, one should start at the conservation of mass and
momentum.
ρ∇ · (U) = 0 (1.4)
The above equation is for the conservation mass also known as the continuity equa-
tion, here ρ is the density (kg m−3) and U is the velocity vector matrix (m s−1). The
conservation of momentum is expressed in the Navier stokes equation as
ρU · ∇U = ∇
(
−pI + µ
[
∇U + (∇U)T
]
− 2
3
µ∇U
)
(1.5)
Where p is the pressure (kPa), µ is the viscosity (kg m−1 s−1) and the mathematical
expressions I and T are the identity matrix and transpose of the matrix respectively.
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Figure 1.3: Cut away view of a PEMFC illustrating the occurring transport phe-
nomena [66]
In the above expression continuity was expressed for a system where the no species
was consumed, in the fuel cell continuity is not equal to zero as oxygen and hydro-
gen are consumed and water is produced in the chemical reactions at the catalyst
surfaces. The rate at which each species is consumed and produced is related to the
current draw I (A) by Faradays constant F (C mol−1) by the following:
QO2 = −
I
2F
(1.6)
QH2 = −
I
2F
(1.7)
QH2O =
I
4F
(1.8)
Where Qi (mol s
−1) is used as to express the flux of species into or out of the
system. The consumption H2 and O2 and the production of H2O is the driving force
for mass transport transport. A concentration and pressure difference is generated
and species move down the gradient via diffusion and convection.
1.4.1 Diffusivity of Gasses
Diffusion is the movement of species from a region of higher to lower conectra-
tion. The mass flux is proportional to the concentration difference over the distance
between the two regions. This can be described by Ficks law of diffusion
NO2 =
i
4F
=
CchannelO2 − CcatalystO2
RtotalO2
= Dij
CchannelO2 − CchannelO2
δGDM
(1.9)
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Where N is the molar flux (mol m−2) of species i, ω is the mass fraction of species
i and Dij is the binary diffusivity (m
2 s) of species i in j or vice versa.
The diffusivity for two gas components can be calculated using the Chapman-
Enksog equation for diffusivity:
Dij =
3
16
√
2RT
pi
(
1
Mi
+
1
Mj
)
1
N˜σ2ijΩD,ij
(1.10)
Where R is the ideal gas constant (J K−1 mol−1), T is the temperature (K), M
is the molecular weight(kg mol−1). The Chapman-Enksog Kinetic theory of which
this is based is derived from the Boltzman equation for one-particle distribution and
gives an expression for transport properties in terms of an intermolecular potential
energy. The potential energy is a function of a molecules size, distance between
molecules and energy of attraction between those molecules. The full derivation
and description is excluded here but can be found in reference [67].
The gas mixture on the cathode side is humidified air, a ternary mixture,
for this the Maxwell-Stefan (equation 1.11), or mixture averaged diffusion model
(equation 1.12) can be used to define the diffusivity of each respective gas species.
∇
(
−ρωi
N∑
j=1
(
Deffij ∇xj + (xj − ωj)
∇p
p
)
+ ρωiu
)
= Si (1.11)
Dmi =
1− ωi∑
k 6=i
Xk
Di,k
(1.12)
Thus we have a diffusivity term for all gasses in the open and clear channel. In the
porous media diffusivity differs as gas motion is impeded by collision with the GDM
fibers and pore walls. In the large pore space of the CFP this is factored into the
diffusivity by
Deffi,k =
ε
τ
Di,k (1.13)
Where ε is the porosity, the total void fraction and τ is the tortuosity of the material.
Tortuosity describes the amount of meandering a gas molecule must travel to move
through the material.
ε =
Vvoid
Vsolid
(1.14)
τ =
δflowpath
δGDM
(1.15)
As the gas enters the smaller pores of the MPL and CL the gas molecules begin
to collide more with the pore walls than other gas molecules. The mean free path
8
between molecular collisions is greater than the pore diameter in these regions. In
this case Knudesn diffusion describes the diffusivity
DKnuden =
1
3
dpore
√
8RT
piMi
(1.16)
Where dpore is the pore diameter(m). Aside from this travel through the empty pore
space diffusion may also occur through water and the thin ionomer that could be
blocking the catalyst reaction sites. These phenomena is out of the scope of the
following work and excluded here, but references [68–71] discusses this in further
detail.
1.4.2 Convective Mass Transport
Convective mass transport occurs in PEMFC primarily in the Channel-DM
region. Flow in the channel is very similar to regular flow in pipes encountered in
fluid dynamics courses. The difference arises from the fact that one or more walls
is a porous media where mass transfer occurs. Still much of the same analysis and
principles can be applied. Starting from the Reynolds number, the ratio of inertial
to viscous forces
Re =
ρudh
µ
(1.17)
The Reynolds in PEMFC channels is often less than 2000 due to the small
diameters required, meaning that the flow is laminar. This is perhaps not the best
for heat and mass transfer, but this does make modeling and analysis a simpler task.
The convective mass transfer that occurs from the channel to the GDM or vice versa
occurs due to local density difference and can be esitimated by
Ni = −hm(Cchannel − CCL) (1.18)
Where N is the molar flux and hm is the convective molar mass transfer coeffi-
cient (m s−1) which is dependent on channel geometry, wall conditions, and physical
properties of the species. The mass transfer coefficient can be found using Sherwood
number, the non-dimensional ratio of convective to diffusive transport.
Sh = hm
dch
Dij
(1.19)
Where dch is the hydraulic diameter (m). For laminar fully developed flow the value
of Sh can be found in literature for some common geometries. Determination of a
local SH for a non-fully developed flow, such as at the entrance region where the
boundary layer is thinner and rate of mass transfer is higher, is more complex. The
convective mass transfer just discussed was for flow over the GDM, flow can also be
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directed into the GDM, forced convection. In this case the flow equation must be
modified to reflect properties of the porous media and their effect on impeding flow.
The traditional equation for flow in porous media is Darcys equation:
∇p = − µ
K
U (1.20)
Liquid or gas flows down the pressure gradient and the resistance to this flow is
captured by the dynamic viscosity, and the permeability K (m2), the measure of
the materials ability to allow flow through it. When using this equation however
potential problems may arise form the boundary condition at the clear-porous media
interface. Another equation fit for modeling the flow from the channel into the CFP
is the Brinkmans equation
1
ε
ρ (U · ∇) U1
ε
= ∇ ·
[
−pI + µ1
ε
(
∇U + (∇U)T
)
− 2
3
µ
1
ε
(∇ · U) I
]
− µ
κ
U (1.21)
This version of Brinkmans equation is essentially a modified version of the Navier-
Stokes equation. This fact makes matching conditions at the channel-GDM interface
less troublesome and can take into account the no-slip boundary condition [72].
1.4.3 Two phase Flow
Given the relatively low operating temperature of the PEMFC (< 100◦C)
the formation and removal of liquid with simultaneous maintenance of proper water
balance is an important area of research. Water can condense anywhere in the cell
given the correct local conditions. GDM flooding starts at hydrophilic seed sites
forming small droplets known as the pendular condition, as it grows along the fibers
it enters the funicular condition, finally once water completely fills the pore it enters
the saturated condition. The total saturation in the GDM can be defined as the
volumetric ratio of liquid filled pores to the total pore volume. The water formed in
pore then extends to other pores and forms tendrils that extend through the GDM
[73]. The movement of water in porous media controlled by viscous and capillary
forces. The capillary effect is a combination of surface and and wall adhesion in
small pores [74]. The capillary pressure can be defined as
pcapillary = pg − pliq = 4σlq cos θ
dpore
(1.22)
Where pg is the gas pressure pliq is the liquid water pressure, σliq is the surface tension
coefficient of liquid water (N m−1), d is the diameter of the liquid filled pore and θ
is the contact angle . Increasing the contact angle, increasing the hydrophobicity,
reduces the contact are of water on the pore wall increasing the capillary pressure
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gradient. Liquid water will then move by capillary fingering until it enters the
channel emerging from the GDM as a droplet.
Once the droplet is in the channel transport it can begin to move and flow to
the outlet. This flow can take on different patterns depending on channel conditions
and the amount of water injection. Wilkins and Liu describe these patterns based
on the size of the body of water as, droplet, film, or slug flow. The movement of
these bodies is induced by pressure and shear forces by the gas flow in the channel
[75, 76]. The simple model by Chen et al. for water droplet removal is: [77] here
Figure 1.4: Control volume enclosing the water droplet, dimensions follow Chen’s
original variable assignment [77]
p0 is the upstream pressure, pl is the downstream pressure, 2B is the height of the
channel, 2b is the distance between the top of the water droplet and the top of the
channel, L is the characteristic length, l is the length of the emerging droplet, H is
the normalized height of the droplet and r is the radius. The angles θθr and θa are
the upstream and downstream contact angles respectively. To move the droplet the
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drag force must be greater than the GDM wall adhesion force.
Fdrag =
48µgasUB
(1− cos (θa)) ×
(1 +H)H2
(1− cos (θa)) (1 +H)3 + (4B/L)H
[
1− (1−H)3]
>
Fσ = σ cos (θr)
piD sin (θa)
2
− σ cos (θa) piD sin (θa)
2
(1.23)
This model was derived for water removal in the channel but can also be applied in
the GDM by exchanging channel height with the pore size, and the characteristic
length with the fiber length.
1.5 Research Objectives and Thesis Outline
As society begins to use PEM fuel cells for it’s energy needs it is necessary to
fully investigate how components like flow fields and the GDM impact performance.
Further, since fuel cell operation is multiphysics phenomena, it is essential to study
how operating parameters can impact fuel cell performance.
From the literature it has been shown that the three most common designs for
flow channel distribution, parallel, single serpentine, and multiple serpentine. These
have been studied to an extent separately, however, not altogether using both exper-
imental and simulation methods. It has been shown in the literature that improving
channel designs can enhance transport of reactants to the catalyst and subsequently
fuel cell performance. However, transport resistance from a comprehensive experi-
mental study has not been reported.
This research aims to improve the fundamental understanding of how flow
field design affects fuel cell performance through experimental and computational
analysis. We do this by first, examining the characteristics of three common flow
channel distributions and the interplay of performance and operating parameters.
Second, we narrow the scope to channel design and it’s impact on oxygen trans-
port resistance. Finally, while examining the impact of channel design we design,
fabricate, and test a novel 3D-nozzle that has very promising performance and can
improve transport.
The first chapter of this thesis provides a background on fuel cells, the rele-
vant components of this study, and the associated transport phenomena on which
our research is based. Chapter 2 describes the experimental equipment used for di-
agnostics. Chapter 3 is a study on the three common flow field channel distributions
and the effect of given cell conditions. Chapter 4 is a study of four flow channel
designs examining their effect on oxygen transport resistance. The last chapter,
Chapter 5, provides summary and conclusion of these studies and proposes future
research.
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Chapter 2
EXPERIMENTS
2.1 Materials
Commercialized MEAs made by Ion Power, Inc. were used for all exper-
iments. The details of the MEA specifications are Nafion NR-211 membrane of
25 µm thickness with electrode area of 5 cm2 and loading of 0.3 mg cm−2 platinum
loading on both anode and cathode. Symmetric material design was employed on
both anode and cathode sides. Experiments with varied material, flow field and
GDM, on anode side were tested however the observed impact was not significant,
and thus excluded here. For experiments where the active area was less 2 cm2 the
electrode area was obtained by masking the additional electrode area with PTFE
gasket.
The GDM used in these experiments were Sigracet SGL 29-BC, Toray 060,
and Freudenberg H23C8. When assembled the GDM is compressed some by the
flow field. It has been studied and reported for specific GDM a set amount of
compression yields the best trade off between porosity and electrical conductivity
[78]. The compression can be applied by a set amount in one of two ways, the first
is if a compressible rubber gasket material is used to seal the cell a set amount
pressure is applied to the end plates via the tie rods or other clamping mechanism.
Second, the gasket is nearly incompressible and is of a set amount of thickness to
achieve the strain. In this study, the gasket was PTFE, which compresses only 5%,
the second case. The target strain for the GDM used in this study is in Table 2.1.
As the PTFE gasket material is sold in 1 mil thicknesses increments and there is
some inconsistency to advertised material film thickness the PTFE gasket material
is selected so as to be within 1.5% of the target strain.
2.2 Equipment
This section details the laboratory equipment used to carry out fuel cell
testing.
2.2.1 Fuel Cell Test Station
The experimental testing was done using a precise-controlled automated fuel
cell station manufactured by Greenlight Innovation [18]. All gases used, hydrogen,
nitrogen, and air, were of 99.99% purity from Praxair Inc.
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2.2.2 Potentiostat and Galvanostat
A Gamry Refererence 3000 with 30K booster potentiostat/galvanostat was
used to perform electrochemical impedance spectroscopy (EIS). This is an in-situ
technique that adds an AC electrical signal on top of the DC load and measures the
following response. It is used here to measure the high frequency resistance (HFR)
of the tested cell [79, 80]. In addition, the Gamry Reference 3000 was also used
to perform cyclic voltammetry, a technique to measure the shorting and crossover
currents, and the electrochemical surface area of each cell. More detail on these
techniques is provided in appendices A.1 and A.2.
2.3 Experiment Cell Assembly
Each fuel cell was built with the aforementioned material in the following
manner. Selected gas diffusion media was cut to size (5 cm2 or 2 cm2) with a cutting
die. The GDM was placed on the blades of the cutting die, an acrylic plate was then
placed on top of the GDM and all three were placed in a press. The press was hand
cranked to cut the GDM and pressure was then released and the GDM removed.
Any compression of the GDM by the cutting process was negligible and did not
show as a change in thickness of the material when tested. Once cut, the material’s
thickness was measured To clean and remove any oils and dirt on the collector plates,
flow field plates, and gasket materials were rinsed once with an organic solvent such
as isopropyl alcohol, then once with deionized water to remove any solvent that did
not immediately evaporate. This ensured no solvent remained and prevented any
from coming into contact with the MEA that could possibly dissolve some of the
catalyst support. The components were then allowed to air dry.
GDM Strain (%)
SGL-29BC 26
Toray 060 22
Freudenberg H23C8 17
Table 2.1: Target strain rate for gas diffusion media used in this study
MEA were removed from their original packaging and placed flat on a cutting
board. A clean 1/8” hole punch is then used to create holes for alignment pins. The
cell was then assembled with single cell hardware produced by Fuel Cell Technology
Inc. as shown in figure 2.1 with the flow field design to be tested.
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Figure 2.1: Assembly of cell from the outside moving towards the center are the
compression plates, current collectors, flow fields, gaskets, GDM, and
MEA
Eight bolts were inserted and torqued to 50 in-lbs in increments of 10 in-lbs to
avoid unequal compression. The cell was then tested for shorting using a Fluke 117
multimeter. If the resistance measured increased from a low value, below roughly
10 Ohm to above 120 Ohm, an indication of charge building on the electrode, it was
determined that shorting across the membrane was not present. The cell was then
placed on the test stand and connected to the inlet and outlet connections.The pure
hydrogen, nitrogen, and air cylinders were opened with an outlet pressure of 100 psi.
Industrial quality nitrogen and building air supply were also opened and connected
to the test station to control station back pressure. Proper sealing was tested by
flowing pure nitrogen into anode and cathode and then setting pressure to 50 kPa
gauge. Once flow was cut, if the the pressure on anode or cathode did not show a
linearly decreasing pressure greater than 1 kPa min−1 then the cell was considered
sealed and free of detrimental or unsafe leak. With leak check completed the ther-
mocouples (TC), voltage senses, load bank control, Gamry senses were connected,
the heater cartridges inserted into the end plates, and the cooling fans placed facing
the end plates. Following the assembly the protocol was initiated via the automated
test scripts for the associated tests in Chapter 3 and 4.
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2.4 COMSOL Modeling
COMSOL Multiphysics®, a finite element physics modeling software is used
to generate 3D steady state, single phase models to examine the influence of flow
fields on species distribution. The use of this commercial software allows possible
future studies to build off this existing model for incorporation of other physical
phenomena. Additionally, it has been used with success by other fuel cell researchers
[81–84]. The models here were formulated from the conservation principles of charge,
species, mass and momentum. The basic assumptions for the computational model
were: 1) the PEMFC operates under steady-state conditions, 2) all reactants and
products are in gaseous phase and follow ideal gas law, 3) the flow in the gas channel
is laminar, 4) the electrochemical reaction when included occurs only in the catalyst
layer (CL), 5) the GDLs, CLs, and membrane are isotropic and homogeneous, and
6) no crossover of reactant gases and water through the membrane occurs.
2.4.1 Mass transport
Multi-species mass transport is solved using the equations from Chapter 1
1.11 and 1.12 for diffusive mass transport and 1.5 and 1.21 for the momentum
induced convective transport . Maxwell-Stefan the most detailed diffusion model is
employed for the study of chapter 3 where the geometry is simpler, and diffusion is
the primary form of transport. The mixture-averaged diffusion model is used in the
study of chapter 4 where channel geometry is more complex and induces convective
mass transport.
2.4.2 Electrochemistry
The dependent variables for the electrochemistry equation are electrolyte
potential φl and electric potential φs. They are obtained by solving the governing
equations for conservation of charge and Ohm’s law described as the following:
∇ · (−σ∇φ) = ivol (2.1)
Where σ is the conductivity and ivol is the volumetric current source term (A m
−3)
which is obtained from the product of active specific surface area (m−2) and local
current density (A m−2). The local current density for hydrogen oxidation and
oxygen reduction reactions can be modeled by Butler-Volmer equation 2.2, and the
Tafel equation 2.3 approximations respectively.
ia = rf × i0CLa ×
(
CH2
CH2,ref
)0.5
×
(
(αa + αc)Fη
RT
)
(2.2)
ic = −rf × i0CLc ×
(
CO2
CO2,ref
)
× 10η/Ac (2.3)
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Where rf is the roughness factor, α is the charge transfer coefficient, A, is the
cathodic Tafel slope, and i0CLc is the exchange current density. Concentrations of
reactive gasses are determined by solving the equations of mass transport. The total
overpotential can be obtained by:
η = φs − φl − Erev (2.4)
Where Erev is the reversible potential obtained from the operating conditions. For
solving the electrochemistry equations, the anode current collector is set to 0V
and the cathode current collector is set to the operating cell voltage. The other
boundaries are considered insulated.
The values of all necessary parameters used in the simulations of chapter 3
are listed in tables 3.2 and 3.1 and for chapter 4 in 4.2 and 4.2
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Chapter 3
STUDY OF THREE FLOW FIELD DESIGNS
Studies to-date have not inspected the interaction between flowfield design
and operating conditions of the three most conventional designs, parallel, single ser-
pentine, and multiple serpentine, using both experimental and simulation methods.
In this work, a comprehensive experimental study was carried out to characterize
the interaction between operating conditions and flowfield design. The studied pa-
rameters included operating current density, RH, and flow rate. In addition, a finite
element-based 3D isothermal steady state model was developed to compare with the
experimental results for improved fundamental understanding. The advantages and
disadvantages of each flow field under various operating conditions were identified,
which provides a guideline for future technology development.
3.1 Experimental Methods
In this study, three flowfield channels, as shown in Figure 3.1, were designed
and fabricated for experimental study. Each flowfield was machined on POCO
Graphite plates, which has excellent electrical and thermal conductivity and corro-
sion resistance [5].
Figure 3.1: Illustrations of (a) straight parallel, (b) multiple channel serpentine,
and (c) single channel serpentine flowfield designs.
The channel design parameters of each flowfield are presented in Table 3.1.
The total active area was designed to be 5 cm2 with the width and length to be 2.2
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cm and 2.3 cm, respectively. Due to the difference in flow area, the order of increas-
ing velocity and pressure drop of the design is straight parallel channel, multiple-
channel serpentine, and single serpentine, under the same operating condition [13,
85]. For straight parallel and multiple channel serpentine designs, the dimension of
the distribution header was designed to be 1.3 mm2 for reducing pressure drop in
the header and enhancing uniform flow distribution in the channel.
Geometry Parameters Straight Parallel Multiple Serpentine Single Serpentine
No. of channels 18 7 1
No. of passes 1 3 14
Channel width (mm) 0.610 0.533 0.787
Channel depth (mm) 0.800 0.800 1.016
Rib width (mm) 0.610 0.533 0.800
Flow area (mm2) 8.78 2.98 0.80
Channel length (cm) 2.1 6.4 27.8
Table 3.1: Geometric parameters of the three flowfield designs
3.1.1 Protocol
All cells were broken-in and evaluated using an in-house developed benchmark
testing protocol listed in Table 3.2. The break-in protocol is to activate MEA
performance by cycling between open circuit voltage (OCV), 0.65 V, and 0.4 V, 12
times. Dry and wet polarization tests were done at 50% RH and 100% RH inlet gas
humidification to study fuel cell performance at full load range. Then RH sweep
was performed to evaluate the sensitivity of the fuel cell performance to humidity
at constant current condition (0.8 A cm−2). To ensure consistent start condition,
the cell was purged with a high reactant flow between steps to remove condensed
water. Lastly, cell performance at 0.8 Acm−2 was evaluated at four stoichiometric
ratios (2/2, 5/5, 10/10, and 20/20) to study the effect of channel flow velocity
on performance under both dry (40% RH) and wet (100% RH) conditions at high
temperature (80°C).
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Protocol Temp. Inlet RH Pressure
Stoich.
Ratio
(An/Ca)
Load
Control
Step
hold
time
(C) (%) (kPa) (sec)
Cyclic
Voltametry
30 100 100
.02/.04
(SLPM)
1.2 - 0.1
50
mV/sec
Break-in 80 100 50 2/2 OCV, 0.65, 0.4V 120, 300, 300
Wet Polarization 80 100 100 2/2 OCV-0.2V 90
Dry Polarization 80 50 100 2/2 OCV-0.2V 90
RH Sweep 80 40-100 100 2/2 0.8A cm−2 600
Stoich. Sensitivity 80 40,100 100 2/2-20/20 0.8A cm−2 120
Table 3.2: Protocol and operating conditions for fuel cell testing with back pressure
controlled at ambient pressure
3.2 Experimental Results and Discussion
Fuel cell performance under both wet and dry conditions, relative humidity
sweep, and stoichiometry sweep were obtained using Greenlight station and Gamry
Reference 3000. More than two repeated tests were performed to ensure a statisti-
cally significant trend can be observed from the results.
3.2.1 Polarization
Steady-state fuel cell polarization curves were obtained for both wet and
dry operating conditions as shown in Figure 3.2. Under wet operating conditions
(3.2(a)), all three cells have similar and minimal high frequency resistances due to
adequate cell compression and the membrane being fully hydrated, especially at low
current density regions. Performance wise, both serpentine designs perform simi-
larly, while the straight parallel channel suffers from flooding when current density
is above 0.2 A cm−2. For the straight parallel channel, limiting current behavior due
to oxygen depletion [86] can be observed when current density is near 0.37 A cm−2.
In addition, backswing behavior at low voltage due to the water dynamics and the
inability of the flow field to expel liquid water in parallel channel design, which was
also observed in [34, 87]. Comparing multiple and single channel serpentine, even
though the general performance is similar, minor difference can be observed in the
low and high current density regions. Due to its long effective channel length, the
single serpentine design is expected to suffer from water accumulation near the exit
of the channel as well as at the 90°bends as observed by Pekula [88]. On the other
hand, the single channel serpentine shows signs of increasing HFR at high current
density, which is an indication of increasing membrane resistance due to drying.
This is likely due to high heat generation combined with high channel velocity in
the single serpentine design, especially near the inlet region. The NR-211 mem-
brane is very sensitive to RH and temperature and its proton transport resistance
increases with increasing current density due to higher heat generation and anode
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drying out caused by electro-osmotic drag in the membrane [89, 90]. With mod-
erate pressure drop and flow distribution, the multiple-channel serpentine achieves
the highest current density under wet operating conditions.
Figure 3.2: Experimental results for all three flow field designs under (a) wet
operating conditions (80°C, 100% RH, and Stoic An/Ca, 2/2) and (b)
dry opearting conditions (80°C; 50% RH; Stoic An/Ca, 2/2). Solid
symbol: voltage; Open symbol: HFR.
Under dry conditions (3.2(b)) all three flowfield designs perform well. This
indicates that no debilitating amount of liquid water condensation occurred in the
cell to hinder oxygen transport. The performance and HFR results from both multi-
ple and single channel serpentine designs are similar. On the other hand, the trends
of performance and HFR from the parallel channel design show some distinct be-
havior. Even though there is no liquid water in the parallel channel, the membrane
remains relatively well hydrated as observed from the HFR when the current den-
sity is less than 0.6 A cm−2 [79]. Membrane dry out can be observed when current
density is greater than 0.6 A cm−2for the parallel channel design due to increasing
heat generation and electro-osmotic drag. Consequently, the performance suffers
from increasing ohmic resistance. However, the ohmic loss cannot entirely account
for the sharp decrease of the performance. This indicates that the cathode may also
suffer from additional mass transport loss due to increasing water content in the
parallel channel design. Overall, channel design has a more significant impact on
fuel cell performance under wet operating conditions and the serpentine design can
more effectively remove liquid water in the channel to prevent severe flooding.
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3.2.2 Relative Humidity Sweep
Since channel design is sensitive to operating RH, fuel cell performance was
investigated by sweeping RH between 40 and 100% at 0.8 A cm−2. This protocol is
a more stringent test to run under wet conditions because the cell has to sustain
10-minute load hold. The steady-state data (3.3a) show decreasing resistance and
increasing performance with increasing RH, which is similar to the trends observed
by Yan et al. [91]. The higher RH condition increases membrane hydration and
thus reduces proton transport resistance. Upon further examination of the tran-
sient data (3.3b-d), cell voltage dropout and instability caused by water flooding
can be observed for parallel and multiple channel serpentine designs [92]. While the
single channel serpentine design demonstrates robust performance for all RH con-
ditions, the straight parallel design shows signs of flooding toward the end of 60%
RH condition. At 80% and 100% RH, stable performance cannot be maintained at
0.8 A cm−2. The single channel serpentine, however, is able to hold the load under
all RH conditions with the highest performance at 100% RH. The multiple-channel
serpentine design shows slight improvement and the voltage dropped out at 100%
RH condition. The RH sweep protocol effectively evaluated the sensitivity of the
flowfield design to channel water flooding. The peak performance of parallel and
multiple channel serpentine is between 60-80% RH and 80%-100%, respectively,
while the single channel serpentine can be operated stably under fully humidified
conditions.
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Figure 3.3: Fuel cell performance as a function of relative humidty at 80°C,
100kPa, Stoic An/Ca, 2/2 and 0.8 A cm−2. (a) steady-state perfor-
mance and transient performance of (b) parallel channel, (c) multiple
channel serpentine, and (d) single channel serpentine.
3.2.3 Stoichiometric Sensitivity
Besides RH, fuel cell performance also depends strongly on flow stoichiometry,
which determines the flow velocity and pressure drop. Therefore, stoichiometric
sensitivity tests were performed under both wet and dry conditions at 0.8 A cm−2
and the steady-state results are shown in 3.4 and 3.5 respectively. For pressure
drop measurements, the accuracy of the pressure transducer is rated to be 1.7 kPa.
Therefore, the trend of the pressure drop is of interest rather than the absolute value,
especially a pressure drop less than 2.5 kPa. Under wet conditions, it can be clearly
observed from Figure 3.4a that the HFR increases with increasing stoichiometric
flow, which demonstrates the effectiveness of removing liquid water by increasing
flow rate. For all three channel designs, the lowest voltage occurred at stoichiometry
of 2 due to some flooding. For the single serpentine flowfield, fuel cell performance
remained similar when the stoichiometry is greater than 5. For these conditions, the
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effect of reducing mass transport loss and increasing ohmic loss (HFR) nearly offset
each other. The voltage of the parallel channel design increased with increasing
stoichiometric flow. For this design, the improvement of mass transport loss from
increasing flow rate surpass the loss from ohmic resistance. On the other hand,
the multiple channel serpentine design showed an optimal performance when the
stoichiometry is near 5. The ohmic loss became significant when the flow rate
exceeds the stoichiometry of 5. Overall, for the wet conditions, increasing the flow
rate is beneficial for preventing mass transport loss due to flooding as long as the
ohmic loss and pressure drop are reasonable.
Figure 3.4: Effect of stoichiometric flow on (a) performance and (b) pressure drop
at high humidity conditions (80°C; 100% RH; 100kPa vent; 0.8 A
cm−2)
At dry conditions, the same dynamics are observed where increasing the
flow rate increases the water removal and membrane dry out, subsequently leading
to higher HFR. Water accumulation at the lower flow rates is also reflected by the
increase of pressure drop caused by liquid water blocking the channel, an observation
supported the Hsieh et al. who studied flowfield plates [93]. Although there is
water present to block the reactant transport at dry conditions, the ohmic losses
dominate over the mass transport losses for all cells. Decreased flow and increased
water content increased the performance of at low RH.
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Figure 3.5: Effect of stoichiometric flow on (a) performance and (b) pressure drop
at low humidity conditions (80C; 40% RH; 100kPa vent; 0.8 A cm−2)
Overall, increasing the flow rate is beneficial for preventing mass transport
loss due to water flooding. A high stoichiometric flow may also remove too much
water causing membrane dry out and lower cell ionic conductivity. The straight
parallel flowfield would generally benefit from a higher flow rate due to its propensity
to accumulate liquid water. The single channel serpentine design is less sensitive
to the flow rate, but should be operated at a flow rate with reasonable pressure
drop. It can be observed from both Figure 3.4 and 3.5 that the pressure drop of
single channel serpentine design increases exponentially with increasing flow rate,
which significantly increases the chance of material failure and operating cost. The
multiple channel serpentine showed a greater sensitivity to the flow and RH, where
a higher flow rate prevented flooding but also incurred significant additional ohmic
losses.
3.3 Simulation Results
A COMSOL Multiphysics® based dry fuel cell model is developed to study
the fuel cell performance of three flowfield designs under dry operating conditions
3.3.1 Comparisonn of Dry Polarization Curve
To validate the developed model, simulation results of three flowfield designs
are compared with the experimental data under dry conditions in Figure 3.6. Model
predictions show very good agreement with the experimental data when the current
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density is below 0.6 cm−2. At higher current densities, the simulation results over-
predict fuel cell performance. This deviation can be attributed to the mass transport
resistance caused by water accumulation at high current density, which cannot be
captured by the single phase model. The deviation at high current densities can
be observed for all three flowfield designs, which indicates that liquid water exists
in all cases. The overall performance under dry operating conditions for the three
designs are similar, with the parallel channel performing slightly better than the
single and multiple serpentine due to more uniform current distribution through
the active areas. To further understand the differences between the three channel
designs, RH and reactant distributions are studied by model simulation
Figure 3.6: Comparison of simulation to experimental results at dry conditions
(80°C; 50% RH; Stoic An/Ca, 2/2 Anode/Cathode Stoich)
3.3.2 Relative Humidity Distribution
The COMSOL model was used to simulate fuel cell performance under dry
(50% RH inlet) conditions to study the RH distribution at 1 cm−2, where model
prediction deviates from experimental data. The RH local distribution results at
both anode and cathode catalyst layers for the three channel designs are shown in
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Figure 3.7. For the anode RH distribution (3.7 d-f), drying can be observed due to
increasing heat generation for all three designs. On the cathode side (3.7a-c), RH
is much higher than the anode and several distinct features can be observed. Areas
with RH values equal to 100% represent areas where liquid water is expected to
appear, which can be observed for all three designs. This observation agrees with
increasing mass transport loss at high current densities from the experimental data.
In addition, higher RH levels exist under the rib region for all channel designs. This
suggests that water tends to accumulate under the rib due lower gas permeation
and diffusion.
Figure 3.7: Relative humidity distribution in the cathode (a-c) and anode (d-f)
catalyst layers of straight parallel (a,d), mulitiple channel serpentine
(b,e), and single channel serpentine electrodes(c,f). Green dot repre-
sents inlet and red dot represents outlet.
Besides the rib/channel RH distribution, RH increases from the inlet to the
exit regions due to water generation from the oxygen reduction reaction. For the
parallel channel design, less RH variation was observed, which explains better model
prediction. For multiple and single channel serpentine designs, RH levels are much
higher near the channel exit. Due to high pressure drop for the single channel
serpentine region, flow across the channel can be observed from Figure 3.7c. This
cross flow is known to help remove liquid water and enhance fuel cell performance
[94].
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3.3.3 Reactant Distribution
A contour map of the oxygen and hydrogen partial pressure distribution at
the cathode and anode catalyst layer, respectively, for an average current density of
1 A cm−2 are shown in Figure 3.8 Since this simulation was run at a stoichiometry
of 2, the exit oxygen and hydrogen partial pressure was nearly half of the inlet con-
centration. In general, the oxygen and hydrogen concentrations decrease from the
inlet to the exit and the oxygen concentration shows more nonuniform channel/land
distribution due to its lower diffusivity. For serpentine designs, it is observed there
are significant gradients before and after U-bends. For the straight parallel design,
although the upper right corner appears to contrast with the lower right, there is
no large gradient between neighboring channels. Additionally, the uniformity of
gas distribution can be further improved by designing a larger distribution header.
Overall, the parallel channel design has a much more homogenous gas concentration
distribution.
Figure 3.8: Oxygen (a-c) and hydrogen (d-f) partial pressure distribution in the
catalayst layer for straight parallel (a, d), (b,e) mulitiple channel ser-
pentine, and (c,f) single channel serpentine, green dot represents inlet
and red dot represents outlet.
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3.4 Summary
Three flowfield designs, straight parallel, multiple serpentine and single chan-
nel serpentine, have been studied extensively. Dry polarization results show that
the three flowfields perform similarly under dry conditions and low current density.
In contrast, under wet operating conditions, the parallel channel design performs
poorly due to water flooding. The multiple channel serpentine design exhibits the
best performance under wet conditions because of its moderate pressure drop and
uniform reactant distribution. In general, increasing RH helps fuel cell performance
due to the reduction of proton resistance until liquid water flooding occurs. Results
show that a single channel serpentine design can remove liquid water across the RH
range. Parallel and multiple channel serpentine designs can only remove liquid water
effectively up to 60% and 80% RH, respectively. Dynamic results confirm that liquid
flooding can cause performance to drop rapidly. To combat water accumulation, in-
creasing flow velocity is very useful. Increasing the flow stoichiometry to above 5 can
significantly enhance fuel cell performance under wet conditions. The multiple chan-
nel serpentine design shows an optimal flow rate to balance between concentration
and ohmic losses. Numerical simulations using COMSOL Multiphysics® provide
RH and product distribution inside each cell. The simulation results provide useful
fundamental understanding and explain the experimental data qualitatively. Sim-
ulation results agree with experimental data under dry operating conditions and
low current density. Discrepancies at high current density can be observed when
current densities are above 0.8 A cm−2, which is due to increased mass transport
caused by liquid water. The serpentine designs showed a higher RH near the outlets
than the parallel channel, which means that RH difference across the cell increases
with increasing channel length. In conclusion, operating conditions and cell design
have proven to be an effective tool to manage water content and influence fuel cell
performance.
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Chapter 4
STUDY OF THREE FLOW CHANNEL GEOMETRIES
In all the published research, it has been shown that channel design can
improve fuel cell performance and increase the concentration of reactants at the
catalyst layer [95]. However, an experimental analysis of mass transport resistance
using wave pattern flow channels has not been investigated. The limiting current
method as developed by Baker and Caulk. has been used to measure the transport
resistance in fuel cell components, GDM, micro porous layers, and catalyst layer
[96–98]. The theory, however, assumes the channel is straight, square and diffusion
is the major transport mechanism. The effect of varying channel design on oxy-
gen transport resistance has not been studied before. In this study, we propose a
systematic study of four parallel channel design including straight, wavy, 2D, and
3D nozzle channel to study effect of varying channel design on oxygen transport.
We use for the first time the limiting current method to measure the change in the
transport resistance through the porous media created by the flow field effects as
well as the liquid water removal capability. The changes in transport resistance
between high and low water generation regimes for four flow channel designs are
studied. Further a COMSOL Mutliphysics® model is developed to study the flow
characteristics in the channel and GDM domains
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Figure 4.1: Illustration of four flow channel designs used to study oxygen transport
mechanisms (a) straight, (b) wavy, (c) 2-D nozzle, (d) 3-D nozzle
4.1 Experimental Methods
The four flow channel designs used in this study are shown in Figure 4.1.
The straight parallel design Figure 4.1(a) is used as a basis of comparison. Within
this design, some convection occurs in the channel with diffusion driven transport
through the porous media being the primary transport mechanism. The wavy design
Figure 4.1(b) retains the same channel cross-sectional area as the straight parallel,
however the flow path follows a sinusoidal pattern across the electrode area. As
shown in simulations by Sui [44] this regularly changing direction increases the
mixing of gases in the channel and reduces the channel resistance by increasing the
convection into the diffusion media. Within the 2-D nozzle design Figure 4.1(c)
each channel has a cycling width that alters the cross-sectional channel area. As gas
flows through a constriction, or converging nozzle, it increases velocity and reduces
pressure. In addition, adjacent channels are one half-cycle out of phase, so that
every converging nozzle is neighboring a diverging nozzle . The aim of this 2-D
nozzle design is to induce channel to channel convection between channels flowing
in parallel. The 3-D nozzle design Figure 4.1(d) builds further upon the cyclic
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channel dimension design by alternating the depth of the channel. This is done by
increasing and decreasing depth in synchronization with increasing and decreasing
width. The purpose of this design is to create forced convection through the carbon
fiber (CFP), the velocity of gasses will now have a component directed towards the
CFP. This increases the mass transport of oxygen to the catalyst layer. The wall
locations of non-linear flow paths are drawn by the application of the sinusoidal
equation:
y = Awsin[
pi
2
(
4x
λ
+ 1)] +mw (4.1)
Here, Aw is the amplitude (m), λ is the pitch (m), x is the location the down the
flow channel and mw is the midline of the wave (m). Design is detailed further below
(Figure 4.2).
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Figure 4.2: Schematics detailing channel dimension and geometries with design
criteria. The profiles are drawn from dimensions of amplitude (A),
pitch (λ), and the mid-line of the wave (m), x, y, z refers to the in-
plane down-the-channel, in-plane cross the channel, and through-plane
direction.
To improve data quality of the limiting current experiment, the flow channels
must provide differential conditions i.e. maintain minimal RH, concentration, and
pressure distribution across the active area [96]. This requires large flow and small
active electrode area so that reactant stoichiometric ratios are at least ten at the
cathode. This high flow can induce a pressure drop which can increase relative
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humidity at the inlet, which can lead to condensation. Taking this into account,
cells in this study all have an active electrode surface area that is masked down to
2 (m−2) by use of PTFE gaskets. In all of our channel designs, the pressure drop
of all tests are kept below 6 kPa, which is just above our measurement limits. This
ensures that differential conditions across the active area can be achieved.
Protocol Temp. Inlet RH Pressure
Flow
Rate
(An/Ca)
Load
Control
Step
hold
time
(C) (%) (kPa) (SLPM) (V) (sec)
Cyclic
Voltametry
30 100 100 .02/.04 1.2 - 0.1
50
mV/sec
Break-in 80 100 50
10/10
Stoich
OCV-0.6 900
Wet Polarization 80 100 300 0.4/2 OCV-0.3 600
Dry Polarization 80 64 100 0.4/2 OCV-0.3 600
Dry Limiting
Current
80 64 300, 200, 150, 100 0.4/2 0.3-.09 130
Wet Limiting
Current
70 90 300 0.4/2 0.3-0.09 130
Table 4.1: Fuel cell test protocol for flow channel geometry study
4.2 Methodology
To quantify the total oxygen transport resistance RtotalO2 (s m
−1) from the flow
channel to the catalyst layer the limiting current method is used. the method based
off the stoichiometric relationship between oxygen concentration and current density
derived from Faraday’s and Fick’s law.
NO2 =
i
4F
=
CChannelO2 − CCatalystO2
RtotalO2
(4.2)
The oxygen mole transfer rate from the channel to the electrode surface, NO2 (mol
s−1), is proportional to the current density, i, and is driven by the concentration
gradient between the concentration at the channel CChannelO2 mol cm
−3. At the lim-
iting current condition reactant is being consumed as fast as it is supplied making
the CCatalystO2 effectively zero.
NO2 =
ilim
4F
=
CChannelO2
RtotalO2
(4.3)
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The limiting current ilim (A) can be measured experimentally and C
Channel
O2
can be
determined from the controlled inlet conditions using the ideal gas law. Solving for
the RtotalO2 using equation above results in:
RtotalO2 =
4F
RT
XO2(ptotal − pH2O)
ilim
(4.4)
Where XO2 is the dry mole fraction of oxygen, Ptotal is the total pressure (Pa), and
PH2O is the water partial pressure calculated from inlet conditions. These relations
are applicable to all channel configurations.
The RtotalO2 as described by Baker and Caulk is the sum resistance contribu-
tions from each component in the path of oxygen from the channel to the reaction
site [99].
RtotalO2 = R
Channel
O2
+RGDLO2 +R
MPL
O2
+RelectrodeO2 (4.5)
Channel resistance RChannelO2 is derived from the relation of intermolecular diffusion
and bulk fluid motion in the channel and the convection of reactant through the flow
channel-diffusion media boundary. Gas diffusion layer resistance RGDLO2 occurs in the
pores of the CFP. The MPL resistance RMPLO2 is controlled by Fickian and Knudsen
diffusion in the micro pores (< 0.5µm) of the MPL. Electrode resistance to the flux
RelectrodeO2 has not yet been fully understood but arises from transport through water,
ionomer, and the electrode pore structure. These resistance can be further broken
down sipmly into pressure dependent RPO2 , and independent R
NP
O2
contributions.
RtotalO2 = R
p
O2
+RNPO2 (4.6)
The contribution of channel and GDL are both pressure dependent. The resistance
in the MPL and catalyst structure are pressure independent processes [69].
4.3 Experimental Results and Discussion
4.3.1 Polarization Curve
Polarization curves comparing the performance of straight parallel (SP), wavy
(W) 2D-nozzle(2D), and 3D-nozzle(3D) for Toray 060 DM is presented in Figure 4.3.
The dry polarization is shown in Figure 4.3(a). The downward curve, indicative of
concentration polarization is not observable under dry conditions,implying no con-
densed water is available to limit transport. Under the dry conditions the differences
in the i-V curve between each flow field is negligible once the standard deviation
from the three repeated tests is accounted for. There is little difference between
the performance of each flow field when condensed water is not available to limit
transport.
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Figure 4.3: Polarization curves displaying the performance for four flow channel
designs using Toray GDM at (a) dry conditions (70◦C, 64%RH, 100kPa
vent, 0.4/2.0 SLPM Anonde/Cathode) and (b) wet conditions (70°C,
100%RH, 300kPaabs, 0.4/2.0 SLPM Anode/Cathode
Under wet operating conditions, Figure 4.3(b), SP, W, 2D all have similar
performances. HFR for all cells is at a minimum indicating optimal membrane
hydration. The performance increase from improved conductivity is capped by
concentration polarization as indicated by the downward curve. At the high relative
humidity and current density liquid water developed in one or more of the cell
components decreased the oxygen transport in this region resulting in the downward
curve as limiting current is approached [100]. The clear distinction that can be
observed is the performance of the 3D channel design. Above 1.25 A cm−2 voltage
drop is less than the other designs. At 0.3V, the 3D design achieves 2.0 A cm−2,
which is 0.4 A cm−2 greater than the other three designs.
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Figure 4.4: Polarization curves displaying the performance for four flow channel
designs using Freudenberg GDM at (a) dry conditions (70◦C, 64%RH,
100kPa vent, 0.4/2.0 SLPM Anonde/Cathode) and (b) wet conditions
(70°C, 100%RH, 300kPaabs, 0.4/2.0 SLPM Anode/Cathode
Similar performance characteristics are observed using Freudenberg H23C8
GDM. The results for dry and wet polarization are displayed in Figure 4.4. Again,
under low relative humidity conditions, each flow channel configuration performed
equally. At 100% relative humidity,Figure 4.4, performance was significantly greater
than the dry conditions and better than Toray DM performance at all tested condi-
tions. The Freudenberg DM had greater water removal capacity, which is consistent
with [101].
The 3D design distinctly outperformed the three other designs.The wavy and
2D design had little, if any, impact on transport,while the 3D clearly improved it.
4.3.2 Dry Limiting Current
The limiting current was performed as outlined in the methodology section;
oxygen transport resistance vs. pressure, for three trials using Toray 060 diffusion
media is plotted in Figure 4.5. Each point is derived from the slope of for the
dry mole fractions at four pressures. The linear trend in Figure 4.5 indicates that
the assumption of transport being pressure dependent is still relevant for the new
channel designs. There was some trouble with test station pressure control for some
pressure set points, resulting in a departure from the original set points in the
protocol. However, the exact pressure was not required to create the profile here.
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Figure 4.5: The dry transport resistance as a function of pressure for four flow
channel designs using (a) Toray 060 DM and (b) Freudenberg H23C8,
a total of 24 trials.
The slope of SP, W, and 2D were all relatively close to one another, indicating
a minimal, non-significant change in transport resistance through the GDM. The 3D
however showed a meaningful reduction in slope; convection transport was induced
by channel design. The intercept of the line (pressure independent resistance) varied
little, suggesting that the convective effect did not impact the MPL or electrode
resistance, and is limited to the channel and/or GDM domains.
The 3D-nozzle effectively reduced transport resistance. This reduction went
unnoticed in the dry polarization tests as ohmic resistance was the more significant
overpotential loss at those conditions. As it was mentioned earlier, resistance is
reduced. However, it is not apparent whether the reduction was in channel GDM or
both. The dry transport in Freudenberg GDM for all trials is displayed in 4.5(b).
Total resistance was lower than Toray but all trends for the channels still held,
eliminating the conjecture of any channel-GDM dependence at the dry condition.
4.3.3 Wet Limiting Current
Results of the wet limiting current test are shown in Figure 4.6. Total trans-
port resistance vs. limiting current are plotted. Results for 80% and 100% are
excluded here to avoid cluttering the plots. The results are similar, with the differ-
ence being a shift of the curve to the left for 100% RH and to the right for 80% RH.
At low voltages and high inlet mass fractions of O2 the limiting current density can
be difficult to characterize due to instability created by liquid water dynamics and
peroxide evolution [78]. The limiting current used for calculation was drawn from a
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line on the i-V curve that intercepted a majority of the points, neglecting swings in
current density.
Figure 4.6: The wet transport resistance as a function of pressure for four flow
channel designs using (a) Toray 060 DM and (b) Freudenberg H23C8,
a total of 24 trials.
For all four channel configurations using the Toray 060 material it was ob-
served here, as by others [102] that there exists three distinct regions to the curve,
including two plateau regions that have relatively steady transport resistance for
changing rates of water generation (characteristic of Toray). A wet plateau at high
current density where liquid water pathways are fully developed, the cell was able
to remove water without an increase in the oxygen transport resistance. Second,
a saturation transition region where the line takes a steep slope, here liquid water
form or break-down tendrils that enter the channel [60]. Third, a dry plateau where
no liquid water was present. From Figure 4.6(a) it is observed the SP, W and 2D
had near equivalent transport resistances while 3D it is reduced, the wet plateau is
0.5 s cm−1 lower. As the limiting current was decreased with decreased inlet oxygen
concentration the 3D-Nozzle enters the transition region earlier. That is, a point at
which the presence of liquid water is no longer great enough to maintain the ten-
drils of the wet plateau. For increasing power generation, the 3D-Nozzle is able to
maintain lower water content across a larger current density range. This result can
indicate a higher average water vapor saturation pressure in the GDM or that flow
through the GDM is drawing the water out. In the dry plateau region, it is observed
that the SP, W, and 2D all have the same dry oxygen transport resistance. The 3D
design exhibits a lower dry region as was observed in the previous dry testing.
Comparing these results for Freudenberg material Figure 4.6(b). Similar
behavior is observed. The Freudenberg GDM however does not have a wet plateau.
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Having a lower thermal conductivity, the local heat in the porous media closer to the
MPL is higher maintaining a higher saturation pressure. Thusly, water condenses
closer to the channel and water tendrils do not extend the depth of the GDM [60].
This effect can explain the larger range of current density that is in the dry plateau
region as water that could potentially block oxygen transport does not extend the
depth of the GDM. This effect does not however, show any added benefit to channel
GDM pairing.
Comparison of the four different flow channel designs reveals the 3D-nozzle
design performs best, it can increase transport of oxygen under both wet and dry
conditions. Considering the source of these improved transport properties it had
been mentioned earlier that designs like the wavy could improve heat transfer, a
temperature difference between the catalyst layer and channel could also induce
convection, and a faster removal of product. However, as Zhang et al. showed
in their study on this kind of transport in fuel cells, the effect in PEMFC is very
small given the small temperature gradients [103]. Momentum induced convective
transport is sending oxygen to the catalyst layer. Under the wet conditions the
mechanism is more difficult to explain improvement. In the channel, at nozzle
sections, gas velocity increases could remove liquid water through shear and drag
forces. Flow in the diffusion media could move condensed water to create a path for
oxygen. Alternatively, as mentioned earlier lower pressure in the expansion could
draw liquid water towards the channel. To further analyze the flow characteristics
a COMSOL Multiphysics model was developed.
4.4 Flow Simulation
A COMSOL Multiphysics model was constructed to simulate the gas flow on
the cathode side to further study the effect of channel design. The model is applied
to both the SP (baseline) and 3D (performance enhancing) design with the coupling
of the Brinkman equations in porous media and transport of concentrated species
interfaces.
Figure 4.7: Modeling domain for a) baseline straight channel and b) 3D-nozzle
flow channel.
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To reduce the time required to solve the model a 0.66 cm length of channel
is modeled for each design. The modeling domain is limited to the channel and
GDM regions as it was discovered in experimental testing that the resistance in the
MPL and CL region are not reduced using the 3D channel. The properties of the
GDM region are for that of Toray 060. Since it is clearly shown the resistance is
reduced in dry conditions and given the difficulty in modeling two-phase flow [81]
the simulation is restricted to a single-phase isothermal model. The molar transfer
rate of oxygen out, and water into the GDM domain are for a constant current
density of 1 A cm−2. The physical parameters are listed in the table below.
Parameter Value Units
Temperature 80 C
Stoichiometry 10
Current Density 1 A cm−2
Relative humidity 64 %
Dynamic viscosity 1.76 x 10−5 Pa s
Porosity 0.725
Tortuosity 0.8
Permeability down the channel (x - axis) 12.8 x 10−12 m2
Permeability across the channel (z - axis) 21.0 x 10−12 m2
GDM thickness 176 µm
Channel length 0.66 cm
Electrode area .087 cm2
Table 4.2: Input parameters for three dimensional flow simulation.
4.4.1 Simulation Results
The results are given in Figure 4.8 for velocity at the center of a channel in
the x-y plane and Figure 4.9 for the partial pressure at four points at the center of
the channel in the y-direction.
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Figure 4.8: Down the channel velocity (x-direction) for the 3D-nozzle and Straight
parallel designs for a single section of channel
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In Figure 4.8 it is clear that the 3D-nozzle channel design induces a flow into
the GDM whereas using the straight parallel design there is comparatively no flow
in the z-direction. The flow created by the 3D-nozzle is regularly repeating, cycling
between driving into the into and out of the GDM. This inward flow serves to lower
the measured transport resistance in the dry limiting current section. Though this
simulation is carried out for conditions in which there is no liquid water it can be ex-
trapolated from this result that this flow pattern can aid in water management when
liquid is present. The flow can create enough drag force in the diffusion media that
droplets condensed on GDM fibers are pushed out of the path of incoming oxygen.
In the sections where the flow is moving out of the GDM the drag force would be
able to push water out of GDM [104] resulting in an overall lower level of saturation
and a subsequent lower resistance. This supports the hypotheses proposed in the
experimental results section for wet limiting current.
Returning focus to the dry cell conditions under which the simulation was
carried out, the z-direction partial pressure plot (Figure 4.9) aids in ascertaining the
source of reduced RO2
Total. The partial pressure is taken along four cut-lines through
the DM along the pitch of a 3D nozzle section and is plotted. These cut-lines are
the converging nozzle section, diverging nozzle section, and the two mid-line points
in between.
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Figure 4.9: Oxygen partial pressure through the depth of the GDM at four loca-
tions down the channel.
Comparing the two flow fields the 3D-nozzle has higher oxygen partial pres-
sure at the channel-GDM interface than the straight parallel at all points and a
non-linear partial pressure profile. The expected result of the convection driven
transport in the diffusion media was be the appearance of two different slopes, a
largely momenta driven slope and a diffusion driven slope. This is observed to some
extent as the partial pressure profiles for the 3D design are not completely linear.
The concentration at the channel-GDM interface is higher and as the gasses travel
into the GDM the momenta is dissipated, and diffusion becomes the primary mode
of transport. In Figure 4.9 the slope of partial pressure for all lines are equal after
120 µm into the gas diffusion media, at that depth the impinging flow is no longer
significant compared to the concentration gradient. This does not however apply
to the 1/2λ profile. As was observed from the velocity profile flow is moving up-
ward here creating a retraction effect in the GDM and lowering the concentration.
From the simulations it is clear there is induced flows in the GDM that impacts the
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concentration.
4.5 Summary
From the limiting current experiments conducted, the wavy and 2D-nozzle
channel designs have little effect on the transport resistance. The 3D-nozzle design
did however reduce transport resistance under both wet and dry conditions. To
better understand this phenomenon a section the 3D-nozzle was simulated using
COMSOL Mulitphysics®, a section of the straight parallel channel was also modeled
for comparison. From these results it was understood that the 3D-nozzle induced a
flow into the GDM towards the catalyst layer. This flow reduced the channel-GDM
transport resistance significantly and the diffusion media resistance marginally. The
flow present in the diffusion media, although not enough to substantially increase
the performance at the dry conditions, may be the source of significantly reduced
wet transport resistance when liquid water was present. The flow removed water by
shear and drag forces. The 3D-nozzle flow field enhances oxygen transport under
both wet and dry fuel cell operating conditions and can be further investigated for
its positive performance for water removal capability.
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Chapter 5
CONCLUSION AND FUTURE WORKS
This research focused on the experimental and compuational study of flow
field designs and gas diffusion media in PEM fuel cells. We began by examining
three common flow field distribution patterns and the effect on operating condi-
tions on performance. We then focused our study on the channel, we examined
transport resistance for three channel geometries. Finally, given the results of our
experiments on channel design, we concentrated our investigation on the source of
reduced transport resistance with the 3D-nozzle design.
From the first study of three flow fields the parallel channel showed a great
propensity for flooding with water if it was operated at above 60% RH. This could
however be countered with high flow rates. From the simulation results the parallel
channel design produced the greatest homogeneity in reactant and product distri-
bution giving value to the use of this design. The single channel serpentine showed
better performance at most operating conditions but produced a large pressure drop
during the experiments and showed least homogeneity of species concentration in
the simulations. Best use of the design is kept to small lab cells that operate under
a large array of conditions. The multiple channel serpentine provided trade-offs be-
tween the two other designs. In testing it was operated at 80% RH without flooding
and did not have excessive pressure drop even at the higher flow rates.
In our second study of channel design we examined the oxygen transport
resistance of three channel geometries using the limiting current method. Our results
showed that varying the direction of flow path parallel to the gas diffusion media,
using our wavy and 2D-nozzle design, did little to enhance convective transport
over the regular straight channel. This observation held for both of our tested
diffusion media. The 3D-nozzle with sinusoidally changing channel depth and width
significantly enhanced transport and was more capable of removing water from our
wet limiting current results. It consistently had the lowest transport resistance
across the whole range of water generation i.e. current density. Our flow simulation
using the 3D-nozzle showed this was due to the momenta directed into and out of
the porous diffusion media. Oxygen mass transport was enhanced, and water was
dragged out of the gas diffusion media.
Future work will continue investigations of the 3D-nozzle design. Neutron
radiography experiments can identify liquid water thickness and location and would
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further enhance our understanding of how the 3D-nozzle removes liquid water. Sim-
ulations can be modified and improved two-phase model to capture flooding phe-
nomenon. The 3D-nozzle design here featured a sinusoidally changing depth and
width but could also follow a slightly different pattern, changing the length of the
converging nozzle section or of the expansion section is also possible. As has been
presented here the flow channel design can improve fuel cell performance via con-
vective transport design.
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APPENDIX A
A.1 Electrochemical Impedance Spectroscopy (EIS)
EIS is a in situ diagnostic tool used in PEMFC studies to do the following:
1) allow modeling of the system with an appropriate equivalent circuit; 2) differen-
tiate the individual contribution of each fuel cell component, such as the membrane
and GDM to fuel cell performance; 3) identify individual contribution to the total
impedance from different electrode processes such as interfacial charge transfer and
mass transport [105]. The method consists of using a potentiostat/galvanostat to
impose an AC perturbation on top of the DC load from the load bank and measuring
the impedance response. As the frequency of the AC perturbation is swept across a
set range different time rate dependent electrochemical processes are induced. The
requirement for effective measurements using EIS is that the AC signal must be
low to ensure the response is linear. Perturbation is then a result of a shift from
one steady shift to another steady state. This translates to a perturbation that is
usually 5% of the load [106]. For analysis the frequency response of is translated
into a complex impedance and plotted on a nyquist plot as shown in A.1 The high
frequency range starts from the left of the plot here fast charge transport processes
can be measured. In the midrange an arc is observed the radius of which corresponds
to interfacial charge transfer and reaction kinetics. The low frequency region on the
right corresponds to a combination of kinetics and slower diffusion processes that
occur [107].
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Figure A.1: Typical EIS curve, frequency range 10kHz to 0.1 Hz.
For our purposes our primary interest is the high frequency intercept with
the real axis. The intercept represents the total ohmic resistance of the cell, the sum
of contributions from the membrane, CL, GDM, flowfield, current collector plates
and their contact resistances [108].
A.2 Cyclic Voltammetry (CV)
CV is used in this study to measure the electrochemically active surface
area (ECSA) through hydrogen desorption/adsorption.The details of the process
is described by Carter et al. in reference [109]. In our study hydrogen gas is fed
onto the anode which serves as the reference electrode and nitrogen is fed onto the
cathode. The Gamry potentiostat sweeps voltage back and forth from 0.1 to 1.2V.
Hydrogen that has crossed over adsorps onto the available platinum catalyst in the
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0.1 to 0.4V range and is identified as the region between the double layer capacitance
region and the hydrogen adsorption peak. The area of this region corresponds to the
total charge of hydrogen on platinum and is related to the ECSA by the following
equation:
ECSA =
qadsorption
ΓLpt
(A.1)
Where qadsorption (C cm
−2
MEA) is the area of the curve, LPt (g cm
−2) is the electrode
platinum loading, and Γ is the charge required to reduce a monolayer of protons on
Pt and is equal to 210 µC cm−2.
Figure A.2: Typical CV curve for PEMFC
The graph above will shift upward if crossover is present or slope if there is
shorting. This is corrected for by determining the shift or slope of the double layer
capacitance region which is must be horizontal and centered about zero current.
A.3 GDM Properties
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A.4 COMSOL Modeling
Figure A.3: Illustration of mesh structure in flow channel, gas diffusion media
catalyst layer and membrane as viewed from the in-plane direction (top) and the
through-plane direction (bottom).
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Figure A.4: COMSOL output showing mesh for straight parallel channel flow
simulation.
Figure A.5: COMSOL output showing mesh for 3D-nozzle flow simulation.
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Input Value
Temperature (K) 353
Pressure (kPa, abs) 100
Reversible cell voltage (V) 1.185
Kinetic Properties
HOR Exchange current density (A cm−2) 0.3
ORR Exchange current density ( A cm−2) 2.47
Cathodic Tafel Slope, (mV dec−1) -70
Roughness factor, rf [from experimental results] 280
Active specific surface area, ( m−1) 5
Geometric Properties
GDL thickness (m) 200
Catalyst layer thickness (m) 15
Membrane thickness (m) 30
Transport Properties
Porosity of GDL, 0.4
Permeability of GDL, ( m2) 6.00× 10−12
Porosity of Catalyst Layer, 0.3
Permeability of Catalyst Layer, ( m2) 1.20× 10−12
Diffusivity of H2 in N2, at 353K ( m2 s−1) 1.181
Diffusivity of H2O in N2, at 353K ( m2 s−1) 0.355
Diffusivity of O2 in N2, at 353K ( m2 s−1) 0.279
Diffusivity of O2 in H2O, at 353K ( m2 s−1) 0.355
Anode inlet H2 mass fraction 0.743
Anode inlet H2O mass fraction 0.257
Cathode Inlet O2 mass fraction 0.241
Cathode Inlet H2O mass fraction 0.151
Cathode Inlet N2 mass fraction 0.608
Anode Viscosity at 353K (Pa s) 10.9× 10−6
Cathode Viscosity at 353K (Pa s) 17.6× 10−6
Table A.2: Input parameters for the, single phase, COMSOL simulation of three
flow field designs.
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Parameter Value
Temperature (°C) 80
Stoichiometry 10
Current density (A cm−2) 1
Relative humidity (%) 64
Dynamic viscosity (Pa s) 17.6× 10−6
Porosity 0.725
Permeability down the channel (x-axis) (m2) 12.8× 10−12
Permeability across the channel (z-axis) (m2) 21.0× 10−12
GDM thickness (µm) 176
Channel length (cm) 0.66
Tortuosity 0.8
Electrode Area (cm2) 0.087
Table A.3: Input parameters for the, single phase, COMSOL simulation of flow
characteristics for straight and 3D-nozzle flow channel designs.
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